INTRODUCTION {#sec1-1}
============

Repair of the divided flexor tendon to achieve normal, or near normal, function is an unsolved problem. Despite considerable research work and, to a lesser degree, changes of clinical practice over the last 20 years, we appear to have moved little from the situation of the 1990s when the best units in the world reported between 70 and 90% excellent or good results, a rupture rate of around 5% and a tenolysis rate of 5%, i.e., with 10 of every 100 patients coming to secondary surgery after primary flexor tendon repair of zone 2 tendon divisions. This remains the status of this surgery in the best units in the world.

THE BIOLOGICAL PROBLEMS {#sec1-2}
=======================

While all flexor tendon surgery is complicated, it is simplest in the newly injured and unscarred digit and the results of correctly rehabilitated strong primary repairs are likely to be the best attainable. Over and above the actual technical difficulties of repairing tendons, three problems have dogged this field and dominated thought on this subject for a century, viz.

Adherence of the flexor tendon repair to its surroundsRupture of the repair during healingTethering of the extensor tendons.

The first and third of these arise because the body creates a soup of fibrin-loaded oedema in any area of healing. The fibrin then converts to fibrous tissue to heal the injured tissues and achieve strength in any repairs. Watson-Jones called this fibrin-oedema 'Physiological Glue'. While it mostly heals any broken structures, this 'glueing' process affects everything in the vicinity in discriminately to stick them together with scar adhesions, including the interstitial connective tissues and synovial sheaths surrounding tendons. This process allows little consideration of the particular need of these layers to allow gliding within them. Although the injury in these cases is on the palmar surface of the hand, movement of oedema onto the dorsum carries the fibrin glue with it and the movement of the digits into flexion is then restricted by fibrin tethering of the extensor tendons, preventing their distal movement to allow finger flexion.\[[@ref1]\] The extensor tendons, moving between interstitial tissue layers and without synovial sheaths, are more susceptible to this problem after any oedema-inducing episode in the hand and are responsible for much of the failure of flexor tendon surgery to restore a full range of digital motion. This can be identified by loss of passive flexion of the fingers. Scar adhesions can also occur anywhere along the length of a flexor tendon, with the loss of active flexion. This is a particular problem in the fingers themselves, where the flexors are confined within the tendon sheath in a system as finely bored as the pistons in an engine. The amount of fibrin-oedema will increase with increasing magnitude of injury, and this will be compounded by our surgery, by post-operative haematoma or infection and by Chronic Regional Pain Syndrome Type I, should this occur. Although the degree to which extensor and/or flexor tethering by fibrin occurs may vary between individuals, and, arguably, between races, the possibility of either, or both, tendon systems becoming tethered requires that any digit with a flexor tendon repair, primary or secondary, be mobilised throughout the period immediately after repair.

Unfortunately, healing of a flexor tendon takes about 3 months, with tendon continuity during the first half of this time depending almost entirely on the strength of the sutures. This period is sometimes longer than that for which the hand can be kept free of activities, or accidents, liable to snap the repair. Rupture defeats the aim and is a total failure of the primary flexor tendon repair and early mobilisation strategy.

HISTORICAL BACKGROUND {#sec1-3}
=====================

Elaboration of the plan of management following this injury which is still in current use is first seen in the surgical literature towards the end of the First World War (1914-1918), the huge number of casualties of this event being, possibly, the stimulus to its evolution. In 1917, Dr. Harmer in Boston, USA, introduced a new tendon suture with the recommendation that '*if a suture is not sufficiently strong to endure very early use, this connective tissue may seriously fix the tendon to the surrounding tissue'.... 'no splint is used. Active motion is started as soon as the patient has recovered from the anaesthetic*'.\[[@ref2]\] In the same year, Kirchmayer, in Vienna, introduced his new, and special, tendon suture,\[[@ref3]\] which we now know as the Kessler suture after its re-inventor 40 years ago.\[[@ref4][@ref5]\] We do not know how successful these early surgeons actually were because none of them reported their results. However, even Bunnell, writing in 1918, agreed that this approach could be taken in selected patients - '*Movement should be instituted with care and judgement. In the first week, it will prevent the incision from healing and encourage infection. If begun late, adhesions will already have immobilized the tendon. Rough, extreme and continuous movements will cause fibrin and scar tissue to form and bind the tendons, and also cause the sutures to cut out. Rest favours a natural repair, with a minimum of inflammatory reaction, but, also allows adhesions to form to all raw surfaces. Movement encourages the formation of synovial membranes over the raw surfaces. It would seem that a moderate amount of intermittent movement, with as long an excursion as practical, interspersed by rest, will yield the best results*'.\[[@ref6]\] We then see a complete about turn by Bunnell. Presumably, his subsequent experience in the 1920s, possibly as a result of the effects of infection following primary repairs at a time before antibiotics were available, led to the dictate that flexor tendons divided in the tendon sheath of the fingers should not be repaired primarily but treated by delayed tendon grafting, which dominated the practice of flexor tendon surgery for 40 years. The last 50 years is notable for the reversal of this policy and recognition that results after primary, or delayed primary, that is within a few days of tendon division, flexor tendon repair are likely to be better than after delayed tendon grafting. This change was largely pioneered in the 1950s and 60s by Verdan, Young and Harman and Kleinert.\[[@ref7]--[@ref9]\] The availability of antibiotics in the treatment of hand injuries may have had a significant influence in the success of this advance. In our search for ever stronger repairs, it is sometimes forgotten that the Kleinert/Young-Harman/Verdan plan had TWO parts and that immediate repair alone is likely to lead to secondary surgery unless followed by immediate mobilisation. Although there is on-going debate about the details of technique, the central tenet of modern flexor tendon surgery is to avoid adhesion formation between the repaired tendon and the surrounding tissues by making a repair which is strong enough to move within a few days of injury. There follows an unproven assumption that, provided the sutures hold, and rupture does not occur, the results will be better with increasing early movement through the first five weeks, albeit within the protective environment of a dorsal splint.

SUTURE MODIFICATION -- CORE SUTURE {#sec1-4}
==================================

Modification of the suturing of the divided tendon, in particular the core suturing, has been the main surgical drive in the last 30 years. A variety of materials have been used but no best suture material identified. Various core suture techniques have also been described over the years. Through the 1990s and the early years of this century, the Tajima and Strickland variations of the Kirchmayr/Kessler suture, in which the knot, or knots, are buried in the tendon, were probably the most commonly used core suture technique in Europe, while the Tsuge suture, or Tang\'s triple variation of it.\[[@ref10]--[@ref12]\] were more likely to be used in the Far East. Availability and historical factors, rather than measured strength, have been the main determinants of which suture material and configurations were used in individual units and countries. As most of the published series of two-strand core suture zone 2 repairs in civilian populations from all over the world had roughly the same results through the 1990s, it would seem that most materials and most core suture techniques in common use at that time worked equally well, with almost all having a rupture rate around 5% \[[Table 1](#T1){ref-type="table"}\].
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Major studies of primary repair of finger flexor tendon injuries in adults (1989-1999)
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If one looks back to Urbaniak\'s classic paper on two strand core sutures in dog flexor tendon repairs, one sees part of the answer.\[[@ref13]\] On day 1, the various Kessler sutures had quite varied strengths. By day 5, the tendons start softening and suture snapping changed to suture pull-out as the mechanism of failure. Consequently, they all become equal, with the repair now reliant on the suture hold on the tendon. While the Kessler types of suture then outmatched the Bunnell suture, which does not grip the tendon, the Tsuge types of suture were equally good as they also grip the tendon. Although no one had actually defined what was meant by mild, moderate, and maximum resistance, it was evident that a strength of about 9 to 15 Newtons was needed to allow the use of early mobilisation, whether using the Kleinert or Belfast technique. However, to prevent rupture in patients who use the hand early after repair, the sutures might need to resist 50 Newtons, or more. In 1992, Schuind examining intact human flexor tendons at the wrist, measured forces of 120 Newtons being transmitted through the flexor tendons during strong pinch.\[[@ref14]\]

In 1989, Savage increased the core suture strength substantially using a Kessler type of core suture with six strands between the tendon ends.\[[@ref15][@ref16]\] This stimulated a great deal of laboratory work, and a lesser number of clinical studies. These have continued unremittingly since that time, leaving us with a very confusing multitude of core suture options and no clear 'winner'. Savage\'s suture has seldom been surpassed for strength, but it is difficult to use. For this reason, it is widely avoided in clinical practice. Research since might be seen as attempting to devise a multistrand core suture technique with the strength advantage of the Savage suture but being more practical for clinical use. The array of options is well documented in a recent book chapter by Professor Tang.\[[@ref17]\]

In this chapter, Tang\'s review identifies nine other factors which are of importance. While modification of the number of strands of the core suture, and the various ways of achieving this, has attracted most attention, another factor is discussed rarely, but appears simpler, viz. use of a larger calibre of core suture. The benefits of this approach have been shown fairly convincingly in the laboratory.\[[@ref18][@ref19]\] However, thicker sutures become cumbersome to tie and the knot is bulky within the tendon with sutures thicker than a 3/0 guage. This is avoided if the knot is taken out of the tendon and onto the tip of the digit, as in the Mantero technique,\[[@ref20]--[@ref23]\] probably based on a technique of distal tendon suture fixation described by Brunelli 20 years earlier.\[[@ref24]\] This technique originally used a two-strand core suture of 2/0 guage with the suture attached to the proximal tendon using half of a Kessler suture and to the distal tendon over a button at the tip of the digit, avoiding a knot within the flexor tendon itself. The technique and this suture size are still used routinely in many units in South Europe, including Mantero\'s own unit in Northern Italy, although some now use a smaller suture.\[[@ref25]--[@ref29]\] Although we have no personal experience of the Mantero technique, it would seem most suited for use in cases in which the flexor tendons are cut in the fingers beyond the A2 pulley, i.e., in Zone 1\[[@ref30]\] and in Tang\'s zones 2A and 2B,\[[@ref31]\] and in Flexor Pollicis Longus (FPL) division within the thumb, as the needles have to be passed within the distal tendon from the site of division to the tip of the digit. This probably becomes more difficult as the length of distal tendon increases.

SUTURE MODIFICATION -- CIRCUMFERENTIAL SUTURE {#sec1-5}
=============================================

The circumferential suture, which is never strictly 'epitendinous', even in its simplest form, was originally introduced as an attempt to smooth down loose ends and improve gliding of the repair.\[[@ref32]\] In 1986, Wade realised that it had considerable strength in itself,\[[@ref33]\] leading to description of about five or six variants of the circumferential suture in the 1990s and several trials in the laboratory of the various alternatives. These, broadly, showed that some of the new circumferential sutures are very strong, and as strong as the core sutures: the multiple gripping bites of the newer circumferential sutures are not unlike core sutures in principle and there may be 8, 10, or more of them. In 1996, Manske\'s team looked at tendons repaired with circumferential sutures only and recorded breaking strengths of up to 63 Newtons.\[[@ref34]\] Initially, we perceived these new circumferential sutures as a possible alternative to elaborate core suture, rather than a way of augmenting the latter. However, the Kubota study also showed that, the more material there is on the surface of the tendon, the more friction there is on mobilisation, identifying an upper limit to how much we can elaborate the circumferential suture. Although this work identified that the simple running suture is the weakest of these sutures, we mostly all still use it, whether for historical reasons, speed and simplicity, or for fear of this friction factor.

THE ST. ANDREW\'S FPL EXPERIMENTAL WORK {#sec1-6}
=======================================

The extensive literature of an earlier era\[[@ref35][@ref36]\] and our early experience with FPL repair\[[@ref37]\] made us realise that the higher rupture rate following repair of this tendon might make the FPL a good clinical model to test new sutures and suture techniques. Using this model, we were able to examine some of the new suture configurations, mostly previously described in laboratory experiments, in a series of clinical studies.\[[@ref37]--[@ref40]\] Although this trial, carried out over a number of years, elaborated an increasingly safe technique for dealing with division of the FPL tendon, the research was undertaken primarily to examine possible ways forward for all primary flexor tendon surgery, whatever the digit. Ultimately, these clinical experiments with the divided FPL achieved zero rupture rates using two different suture techniques. This clinical work identified that both the core and the circumferential suture could have a place in eliminating rupture. However, during the same period as this work was being done, two other units reported no mechanical ruptures of FPL repairs using various conventional two-strand core sutures and simple circumferential repairs, albeit in small numbers of patients,\[[@ref41][@ref42]\] raising doubt as to whether increasing suture mass and complexity are the only answer to this problem. A very interesting laboratory study from Professor McGrouther\'s laboratory in Manchester showed that even a single suture passed through a tendon significantly affects the cell population of the tendon around it: The suture foreign body causes the tenocytes to move away.\[[@ref43]\] So, perhaps, we are, unwittingly, making tendon repair breakdown more likely as we put more foreign suture material into the tendon!

CLINICAL INTERPRETATION OF CORE SUTURE RESEARCH {#sec1-7}
===============================================

However, the general body of opinion at this point in time would favour at least a four-strand core suture, despite many of these having only been tested in the laboratory and not clinically in patients. The plethora of choice is our current problem: Which option to choose? We believe that various facts should make us wary of simply relying on ever increasing strands of core suture, or more elaborate circumferential sutures, or both. The first is the difficulty in interpreting the data presented, particularly when interpreting the laboratory data of experiments on different animal tendons. Even clinical studies need very careful scrutiny. For example, in 1989, Savage reported one rupture in 30 fingers and 3 thumbs with zone 2 complete flexor divisions repaired with a six strand suture, a rupture rate in the fingers of 5%, or a rupture rate of 3% overall.\[[@ref16]\] In 1999, Harris *et al*., reporting results from our own unit from June 1989 to December 1996 (the same era), recorded 17 ruptures in a series of 397 fingers (4%) with zone 2 complete flexor divisions using a two-strand modified Kessler core suture.\[[@ref44]\] In a study as small as 30 fingers, one additional rupture changes the rupture rate by 3%. Comparison of these two studies, with this fact in mind, would suggest no difference in rupture rate between them! These figures also highlight a further problem of the literature in this field. It is difficult for individual units to collect substantial numbers of patients with this injury. Many published results, particularly when the rupture rate is presented as a percentage of the total, might present a different picture if the number of cases were more than 30 or 50.

[Table 2](#T2){ref-type="table"} summarises the literature of this century. There appears to be a trend towards early active (Belfast) mobilisation and away from rubber-band (Kleinert) mobilisation. Surprisingly, most units reporting on this topic are still using two-strand core sutures. Although some have moved on to four or six strand core sutures in clinical practice, albeit with the circumferential suture having returned to its original and simple form, this Table would suggest that, despite 30 years of research and clinical endeavour, we have not yet eliminated rupture of primary repairs or are routinely achieving 100% excellent results. In fact, the improvements reported with the four and six-strand core sutures are marginal.
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Major studies of primary repair of finger flexor tendon injuries in adults (2000-2011)

![](IJPS-46-312-g002)

Given the complexity of the sutures currently being advocated and the fact that most flexor tendons, at best, will be repaired by trainee hand surgeons and, at worst, by surgeons with no particular expertise in this surgery, we believe these cases either merit surgery by senior hand surgeons or the techniques of repair being advocated need to remain simple, not complicated. Of the stronger sutures of which we have experience, the Tang triple Tsuge suture technique, using a looped nylon suture is the simplest and quickest means of achieving a six strand core suture, at the same time obviating the need for a circumferential suture entirely.\[[@ref12]\] The technique described by Smith and Evans in which two two-strand Kessler sutures are inserted into the tendon in planes at 90° to each other is probably the simplest of the four strand repairs to execute.\[[@ref45]\]

REHABILITATION BY EARLY MOBILISATION {#sec1-8}
====================================

The other main drive in the last 30 year has been to earlier and increasingly enthusiastic mobilisation of primary flexor tendon repairs, albeit protected in a dorsal splint for the first 5 week period, which is the time during which rupture is most likely. The latter part of the senior author\'s training coincided with the publishing of a paper by the hand surgeons in Belfast, in which they described mobilisation after routine zone 2 flexor tendon repairs in a Kleinert traction splinting system, but without the elastic bands, i.e. actively moving the fingers when flexing as well as when extending.\[[@ref46]\] This was not actually new, as many before had either never used rubber bands or had tried to get rid of them,\[[@ref26][@ref47]--[@ref50]\] although always stressing the use of some variant of suture technique to make the repair stronger, presuming this would be necessary to withstand early active movement. What the Belfast surgeons identified was the fact that the sutures did not need to be stronger to allow early active mobilisation in both directions. The desire to be free of the rubber bands had been prevalent for years, largely because of the problems arising from the flexed resting position of the proximal interphalangeal joints in Kleinert traction and, also, because of the difficulties in managing Kleinert traction. It was also realised that many patients never actually used the rubber bands to passively flex, but simply flexed their fingers actively, even when the bands were correctly tensioned, which was often only for 5 minutes after leaving the therapy department. This stimulated the senior author to repeat the Belfast experiment.\[[@ref51]\] This study, performed between 1986 and late 1987 (although only published much later), and the paper from Sheffield, UK, reporting the results of their repeat of the Belfast experiment,\[[@ref52]\] convinced the senior author that this was the way forward for rehabilitation in respect of simplifying it to a level commensurate with the availability of therapy in our own unit and likely to be available worldwide. The results of these, and subsequent experience throughout the 1990s,\[[@ref37][@ref53][@ref54]\] including the analysis of the large number of cases mentioned previously between June 1989 and December 1996 in our unit,\[[@ref44]\] confirmed a rupture rate of around 5% when using variants of the 'Belfast' regimen which was similar to that reported at the time by units worldwide using the 'Kleinert' regimen. We were no longer concerned about the safety of the Belfast regimen, although this concern still persists elsewhere, particularly in the United States of America. At the time, we wrote that we believed the Belfast type of rehabilitation was both simpler and less expensive to maintain than the Kleinert type of rehabilitation regimes. However, we had also reached the conclusion that argument over which was the best of the two active regimes was probably unproductive and that we had not solved the problem of rupture.

The other alternative to the Kleinert technique of mobilisation, introduced in the United States by Duran and Houser (1975) and supported by Strickland and Glogovac (1980), in which the fingers were only mobilised passively by a therapist, or the patient\'s other hand was never popular in the UK as it was very therapy intensive, with no seeming advantage.\[[@ref55][@ref56]\] A common debate at the time which, to my knowledge, has never been settled was whether the tendons actually moved significantly with this regimen, or simply bunched up as the fingers were passively flexed. Another factor which made it unattractive was the fact that the first paper reported a 14% rupture rate, while the second had only 56% good and excellent results, both unacceptable when compared with published results at the time using the Kleinert regimen and, subsequently, the Belfast regimen. The commonest use of the Duran Houser idea now is in helping Kleinert and Belfast regimes to push for better results at the extremes of movement.

MANAGEMENT OF THE SHEATH ANDVENTING THE PULLEYS {#sec1-9}
===============================================

In retrospect, a factor in achieving our own results in the 1990s which received no attention at the time but was, possibly, of significance was that, from the earliest of the studies, it had been routine to 'vent', i.e. divide, pulleys as necessary to allow repairs to travel through a full range of excursion on passive movement of the finger after repair without impinging on the A2 or A4 pulleys. For the senior author, the conviction that this 'made sense' followed a private conversation as a trainee in the mid-1980s at the Derby Hand Course with Dr. Strickland. At the time, Dr. Lister and others were quite adamant that all pulleys should remain entirely intact. Dr. Strickland seemed less certain. Knowing the problems experienced in the emergency theatre, it seemed logical that venting was correct and necessary in many cases. Venting the sheath was not new: in the 1950s, adhesions were thought necessary to achieve tendon healing and surgeons cut windows in the sheath. Surgeons then were aware of the need to compensate for the tendon repair increasing the bulk of the tendon within a sheath of constant dimensions and cut the windows to allow a full passive range of motion of the repairs.\[[@ref57][@ref58]\] In the 1970s, when synovial fluid was believed to be the most important healer of the tendons,\[[@ref59]\] surgeons moved to obsessive closure of the sheath. However, at that time and before, various authors had pointed out that repaired and thickened flexor tendons might not move freely in a closed sheath and subsequent research work supported this view.\[[@ref60]\] Others could find no evidence of any benefit from sheath closure, while many among the best results in the world were being achieved in series in which the sheath had not been sutured. So, the enthusiasm for complete closure eventually diminished and most of us now simply lay the sheath back in place without suturing it.

Catching of repairs on the edges of the pulleys was another practical problem which went largely unmentioned through the era of complete sheath closure. In 1975, Duran and Houser had suggested partially releasing one side of any pulley on which any repair was catching\[[@ref55]\] and Strickland elaborated the technique and, probably, introduced the term 'venting' the pulley, meaning cutting the side of it.\[[@ref61]\] There was a reluctance to admit to a need to vent pulleys as, in practice, this usually entailed partial division of the A2 or the A4 pulley, the complete integrity of which had been believed to be of over-riding importance to the mechanical efficiency of the flexor system.\[[@ref62]--[@ref66]\] This notion has its origin in a curious twist of logic: it had been recognised for a long time that the minimum one needed to preserve, or reconstruct, when doing secondary flexor surgery for the reconstructed flexor to achieve its mechanical intention of flexing the finger with power was an A2 and an A4 pulley. This was carried over into primary flexor surgery as a mandate to preserve these two pulleys in their entirety at all costs. More recently, several research papers have shown that there is no absolute need to preserve the A2 or the A4 pulley so completely, or even at all, when most of the remainder of the sheath is intact.\[[@ref67]--[@ref70]\] A study of our own confirmed the clinical need for venting of both the A2 and the A4 pulley to achieve a full passive range of motion after repair of tendons in Tang\'s zones 2A and 2B, between Zone 1 and the distal edge of the A2 pulley under certain common circumstances.\[[@ref71]\] With the onset of post-operative oedema, it is likely that the need for venting would be accentuated.\[[@ref72]\] This problem also becomes more likely if we use more complex repairs, as the repairs will be of even greater volume than the original tendon. The discussion of 'venting' was taken to its logical conclusion in two review articles.\[[@ref73][@ref74]\] Analysing the sites along the tendon sheath where tendon injury commonly occurs, Dr. Tang has described appropriate pulley releases for each injury. This opinion is updated in more recent book chapters and both authors accord this process of pulley 'venting' equal importance to the use of stronger repairs in increasing the margin of safety of early active mobilisation.\[[@ref54][@ref75][@ref76]\] We believe the results of Zone 1 primary flexor tendon surgery are equally dependent on judicious venting of the A4 pulley.\[[@ref30]\]

MANIPULATION OF ADHESIONS {#sec1-10}
=========================

An alternative, and possibly more scientific, approach to the problem of adhesions would be to minimise their formation and this has been attempted with a variety of drugs, probably the most well-known of which in Europe was Adcon. Until Adcon, this idea had largely remained in the laboratory as surgeons were nervous of the effect of these chemicals on the healing of the tendon repair and of the overlying tissues, which we presume to be healing by the same process as occurs in formation of adhesions. The senior author was asked to research Adcon prior to discussion at the FESSH meeting in Barcelona (2000), as it was being marketed for clinical use much more seriously than chemicals previously considered for this purpose. At that time, a reasonable number of published papers seemed to show that Adcon does reduce adhesions around the nerve roots following disk surgery and might be helpful here, although its use clinically in this field has now been abandoned. However, despite anecdotal support for its use in hand surgery, there was virtually no objective evidence ever produced in tendon surgery and absolutely no objective evidence in peripheral nerve surgery to support its use.\[[@ref77]--[@ref79]\] Since Adcon, further products have been introduced for this purpose but research is sporadic and unconvincing. One, hyaloglide, was researched diligently by the Italian Hand Society but discussion of this has 'gone quiet'.\[[@ref80]\]

To date, adhesion prevention has been approached in terms of a chemical, i.e. a liquid in which to bathe the sticking structures, or a more solid barrier wrapped around the repaired tendon. A time may be approaching in which we must consider adhesion limitation as other than experimental, as other modalities of treatment are on the horizon. Recent research has greatly advanced our knowledge of the complex biochemical pathways that take place after a tendon is injured and it has become clear that growth factors play a critical role.\[[@ref81][@ref82]\] With this realisation comes the possibility that healing may be manipulated through these growth factors. There would appear to be two main ways in which growth factors could be delivered to the injured tendon: firstly, by direct application and, secondly, through the use of gene transfer techniques. The latter would involve delivering the gene that encodes the growth factor, not the growth factor itself, to the injured tendon. The gene would then be incorporated into cells at the injury site and these cells would take over production of the growth factor. However, for the meantime, we have to consider adhesion limitation as experimental and continue to think mechanically, using sutures strong enough to allow early movement, albeit protected from the full forces of normal activity by some system of protective splinting and limited movement during early rehabilitation.

OTHER FACTORS {#sec1-11}
=============

This field also needs a more multifactorial approach to treatment, with more consideration not only of our sutures and suture configurations and our rehabilitation methods, but of unresolved problems such as the 'uncooperative' patient, complicated injuries, delayed presentation and the immediate failures of our primary surgical efforts.

OTHER FACTORS -- THE PATIENT {#sec1-12}
============================

The patient, whether compliant but unfortunate, or uncompliant, is another factor likely to affect our results. Our research over 20 years was largely aimed at liberating rehabilitation from unnecessary constraints while, coincidently, reducing the rupture rate after primary repair. However, we also looked at the patient. In 1999,\[[@ref44]\] we examined the 23 patients who ruptured tendon repairs from the series of 440 patients who had undergone primary surgery and postoperative mobilisation in a controlled or early active motion between 1989 and 1996. Around 50% of the ruptures occurred in patients who had seemingly been compliant and as a result of factors beyond their control. Over and above these accidental causes of rupture, there were other unwitting patient causes of both rupture and bad results. These included some children, patients incapable of comprehending what was required of them by the therapists, excessive scar formers, patients with social circumstances which precluded therapy attendance, patients with low pain thresholds and those presenting later than ideal for surgery. These failures can be considered 'Acts of God' and, so, immutable, or factors which require us to modify our behaviour to achieve success. We can, often, help these individuals more, given thought and/or adequate resources.

Most ruptures in our study occurred with the splint in place. These tendon repairs might have been protected from rupture by better mechanical obstruction of the palm. Rubber bands across the palm have a definite obstructing action which was not present in the original technique of early active motion.\[[@ref46]\] However, all of our patients at that time wore a modified Belfast splint which included wide thermoplastic bars across the open side of the splint, running from the distal edge back to the volar aspect of the wrist and known locally as 'beer-can bars'.\[[@ref37]\] Attempts to increase this feature of splinting and/or attempts to make splints impossible to remove would be likely to interfere with rehabilitation and would probably still fail in a proportion of patients. They would certainly have little effect in those who remove the splint to use the hand for grasping (see below).

Just under 50% of the total in the above study, ruptured the repairs while using the hand in, or out, of their splint, for a variety of tasks contrary to therapy advice. They highlight the role of patient non-compliance in the aetiology of tendon rupture. This injury occurs mainly at an age, and in a social group, in which improving compliance is likely to be difficult and this figure may be an underestimate of the problem of patient non-compliance in this population worldwide. The group labelled 'uncooperative patients' includes adults and children who do not cooperate and small children who cannot. As adults constitute by far the greater proportion of patients who sustain flexor tendon injuries, they are the major concern. Psychological manipulation and more time spent are the only direct means we have of improving the results of these patients and it is debateable whether we can change this cause of poor results more than a little.

A question which arises in respect of uncooperative patients is whether we need to go through the difficulties of primary flexor surgery for any of them, as failure is expensive for the patient, the surgical unit and the State. Would they be better and, possibly, easier treated, by reversion to grafting, single or two-stage, after a period of therapy training? Unfortunately, the nature of uncooperative patients is usually only identified after the primary (emergency) surgery. For most of us, whatever problems we may have doing primary repairs, they are still easier than tendon grafting. The reported results of secondary surgery are also generally worse than those of primary surgery and it is generally more difficult to get good results using the techniques of secondary flexor surgery. It has also generally been recognised over the last 50 years that limbs repaired immediately and moved early do better because they do not stiffen in scar tissue and do not develop contractures during healing as a result of inactivation of one, or more, of the normal parts of the locomotor system. This truism applies to the hand also. Surgery in scarred tissues is less likely to be followed by good movement, even if mobilisation is immediate. It is also more difficult, with higher risk of intraoperative complications such as inadvertent division of intact structures embedded in scar. So, unfortunately, we have to persevere with primary surgery in all patients -- including the uncooperative.

OTHER FACTORS -- TIMING OF THE REPAIR AND LATE REPAIR {#sec1-13}
=====================================================

Primary repair of the flexor tendons should be as early as possible after the injury. However, there is a body of evidence that delay of 24 to 72 h is not followed by poorer results and it is likely that delayed primary repair by an experienced surgeon will achieve a better result than immediate surgery by an inexperienced surgeon. Transfer of patients to specialist units and delay to investigate, or even treat, more pressing problems has become acceptable practice. Although primary treatment is necessary within 72 h, this surgery need not be considered an emergency, or treated as such. Largely as a result of discovering a paper written back in the 1960s, the significance of which was probably not appreciated at that time, we are now much more enthusiastic in our policy with respect to delayed primary repair than previously. This paper identified the fact that delayed primary repair is possible far more often than thought and far longer after the index injury.\[[@ref83]\] At that time, everyone in North America was trying to get started with the Kleinert/Verdan/Young-Harman philosophy of immediate repair and immediate mobilisation. However, the hand units were still receiving patients at quite long times after the initial injury, as the casualty units were expecting them to be treated by secondary grafting in the conventional manner of that time. McFarlane and his co-workers tried to do primary repairs in 100 patients sent slowly to them, whatever the delay. A number of these patients arrived more than 12 months after the initial injury. That the flexors in 36% of 100 fingers could be repaired directly, even months after the injury, negates the assumption that delayed presentation routinely necessitates tendon grafting. Now, if a patient comes later than 72 h and the finger is not infected and is mobile passively, we explore the finger immediately and try to repair the tendons. With the possibility of slight tendon lengthening in the muscles without slowing the early mobilisation programme,\[[@ref84]\] this figure might now be even higher. If the tendon ends will not quite come together, we perform a Le Viet tendon lengthening within the muscle in the forearm. Although the tendon is cut, the muscle has not been, and the muscle maintains the continuity needed to allow immediate mobilisation. A single cut gives about half a centimetre in extra tendon length distally. If one repeats this cut again, about 1-2 centimetres from the first cut, but still within the muscle, the second cut will give another quarter centimetre of lengthening. If repair still proves impossible, then a graft can be done with no loss of time, or a silicone rod can be put in as the first stage of a two stage tendon grafting procedure.

OTHER FACTORS -- COMPLEX INJURIES {#sec1-14}
=================================

Our knowledge of the effectiveness of our current techniques of primary flexor tendon repair and rehabilitation is restricted to that gained from examination of the results of treatment of simple injuries. It has been necessary to restrict analysis to these cases in this way to reduce the variables and allow comparison of techniques of suturing and of rehabilitation between units worldwide. However, this leaves us in a position in which we do not know whether the techniques suitable for simple cases should be applied to more severe injuries. An example in which this has not been true has been the policy of repairing both flexor tendons under all, or nearly all, circumstances which has remained standard practice since advocated by Verdan and by Kleinert 40-50 years ago.\[[@ref85]\] In the 1970s, Boyes had pointed out the problem of repairs sticking under the A2 pulley, which is the tightest part of the sheath, and, more recently, Professor Tang re-examined this problem and showed better results when only the profundus was repaired for injuries under the A2 pulley.\[[@ref86]\] Except in the hands of very experienced tendon surgeons, we have come to believe that this policy should be applied to simple flexor tendon divisions under the A2 pulley. This single tendon repair is even more necessary after more complex injuries of the distal palm and proximal part of the fingers, such as crush injuries of the distal palm and proximal part of the fingers, distally based flaps on the distal palm, replantations and revascularisations, and multifinger injuries. In these cases, particularly, the two repaired flexor tendons can become so oedematous that they may completely stick under the A2 pulley, with no possibility of mobilisation after the first procedure. Although severe injuries in zone 4, in the carpal tunnel, are rarer, the same problem arises. If multiple tendons are divided in zone 4, we also only repair the profundus tendons.

OTHER FACTORS -- THE SURGEON {#sec1-15}
============================

This concentration of effort on analysing simpler cases and ignoring the complicated injuries in this literature has had another consequence. These bad injuries are often added to the list of emergencies to be done by trainee surgeons, often with little expertise in this field. The consequence is inevitable and too frequently excused as a bad result from a bad injury. Emergency referral of bad hand injuries which include flexor tendon divisions is inevitable for us all: we cannot redirect these, but we can modify our response to them. These cases need the same level of senior attention as amputated fingers for replantation or high pressure injection injuries. Given our failure to achieve normal hands after primary flexor tendon surgery routinely in even simple cases, and the passing of the earlier Louisville philosophy that the sun should never set on a cut flexor tendon, there is a case for all flexor tendon divisions being considered difficult surgery and for their being repaired by more experienced hand surgeons on elective surgery lists. This applies even more to complex injuries.

OTHER FACTORS - THERAPISTS {#sec1-16}
==========================

Training of these patients is necessary to achieving good results for even simple flexor tendon divisions but is expensive of medical time. Complicated patients and injuries are particularly likely to do better after primary surgery if they are moved up this training curve. This, in our experience, is more often achieved by our therapists than by us and more therapy unit time is required than usually available for these patients. Surgeons can help in this by supporting the position and skill of their therapists. For many years, on the morning after surgery, our surgeons, therapists and nurses have routinely done a combined ward round. Patients are confronted verbally with the hard facts of the chances of achieving a good return of hand function without re-operation and told that their salvation is by doing exactly as the therapists say. However, as well as verbal support for the therapists to a, not always, receptive audience, we need to address the politics of this vital factor for success. This field needs more therapists and more time for patients in therapy. This is currently being given little of our attention, partly because of the surgical concentration on stronger sutures, and, partly, because few of us are expert in the field of medical politics. At a time of economic downturn, many hospitals with therapy services find it convenient to reduce rehabilitative services, which administrators mostly do not understand as vital. In situations in which there are no therapists, justifying them economically to the same people is difficult. More surgical voices fighting the therapists' cause are needed if results in this field of surgery are to improve.

OTHER FACTORS -- ZONES 1, 3, 4 AND 5 {#sec1-17}
====================================

Because Zone 2 was perceived by surgeons fifty years ago to be the most complicated part of the flexor tendon to repair, almost all clinical research was, and remains, directed at this zone. While true to a degree, zone 2 injuries are not unique in their technical difficulties. Zone 1 injuries can be equally difficult to repair. It is also debateable whether Zone 2 injuries result in the worst functional problems in the long-term for the patient. This is because of the associated structures likely to be injured in zone 3, 4 and 5 injuries. The literature on the other zones is small or, in the case of zones 3 and 4, entirely absent. This led us to add contributions to the literature on zones 1 and 5,\[[@ref30][@ref87]\] but this literature remains lamentably small, with few more recent contributions, and mostly fails to identify useful techniques which might be applied specifically to the individual zones to achieve better results.

CONCLUSION {#sec1-18}
==========

We believe the way forward in avoiding unfavourable results after primary flexor tendon surgery is by use of strengthened but simpler sutures, venting of the pulley system appropriately and maintaining early rehabilitation. However, there needs also be consideration of patient, and other factors discussed above. Our research needs to continue both in the laboratory and in the clinical environment to these ends and until we find ways of modifying adhesion formation.
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